The initial phase of infection with Tyzzer's organisms in cultured mouse hepatocytes was observed using indirect immunofluorescence (IF) and a plaque assay. The organisms adhered poorly to aldehyde-or acetone-fixed cells, but once adhered to host cells, whether methanolfixed or unfixed, they were not removed by methanol or acetone. By the IF as well as the plaque assay, both of which discriminated intra-and extracellularly located organisms, the number of cell-associated organisms increased linearly up to 3 h post-inoculation. The number of intracellular organisms increased rapidly in the first 1 h, followed by linear increase at a much lower rate. Similar results were obtained by the plaque assay.
INTRODUCTION
Recently, host-parasite interactions have been studied at the cellular or molecular level in infections with bacteria which colonize mucosal surfaces, e.g. enterotoxigenic Escherichia coli, Vibrio cholerae, and Neisseria gonorrhoeae (Beachey, 198 I) , or with facultative intracellular parasites, e.g. Shigella Jlexneri, Salmonella typhimurium and enteroinvasive E. coli (Moulder, 1985) . For obligate intracellular parasites, however, the early phase of infection has not been satisfactorily clarified, mainly because of the inaccessibility of the host or the microbial factors involved. Obligate intracellular infection at the cellular level consists of four phases, namely (i) adhesion (extracellular phase), (ii) entry (intracellular phase), (iii) multiplication, and (iv) release from host cells. Although specific receptors on host cells and entry mechanisms for several viruses have been determined at the molecular level, little information is available for obligate intracellular bacteria or protozoa, except for some rickettsiae, chlamydiae and malaria parasites (Moulder, 1985; Hadley et al., 1986) .
The causative agent of Tyzzer's disease, which is characterized by liver necrosis and haemorrhagic enteritis (Tyzzer, 19 17) , is an obligate intracellular bacterium showing a strict tropism to highly differentiated cells in vivo, including hepatocytes (Fujiwara, 1978) . We established an in vitro culture system for Tyzzer's organism using a primary monolayer culture of mouse hepatocytes (Kawamura et al., 19836) . The present study was undertaken to study the initial phase of the infection in vitro, with the aid of indirect immunofluorescence (IF) techniques and a plaque assay, distinguishing between adhesion and entry of the organisms into the target cells.
number of intracellular bacteria was estimated as : (mean number of total bacteria) -(mean number of extracellular bacteria). Double immunofluorescence. The method was described by Heesemann & Laufs (1985) to discriminate directly between intracellularly and extracellularly located bacteria on a single monolayer. After washing, infected monolayers without prefixation were incubated with a dilution of anti-RT serum in MEM for 30 rnin at 4 "C, washed three times in MEM each for 3 min, and fixed in methanol for 10 rnin at room temperature. The fixed coverslips were air-dried and subsequently overlaid for 20 to 30 min at room temperature with TRITC-labelled anti-mouse IgG diluted in MEM to stain extracellularly adherent organisms. After washing in PBS(-), the monolayers were again incubated with anti-RT antibody for 30 min at room temperature, followed by washing and second staining with FITC-labelled anti-mouse IgG, which stained intracellular bacteria. The monolayers were washed in PBS(-), mounted and then examined by epifluorescence microscopy. In this method, cell-surfaceassociated (extracellular) organisms were observed by the TRITC filter system and total extracellular plus intra-cellular bacteria by the FITC system. The number of intracellularly located organisms was calculated as (number of total organisms) -(number of extracellular organisms) on each coverslip.
Plaque assay. The plaque assay technique (Kawamura et al., 1983a ) was used to estimate kinetics of adhesion and entry of organisms to host cells and the results were compared to those obtained from the two IF procedures. Infected liver homogenate at an appropriate dilution was prepared at 37 "C and inoculated onto hepatocyte monolayers in 35 mm culture dishes. After incubation for each period as indicated at 37 "C, three dishes were overlaid with agar medium immediately after aspirating the culture supernate. The plaques on these dishes were considered to be produced by total cell-associated bacteria, including reversibly adherent ones. The other six monolayers were washed three times in CM at room temperature with repeated crosswise shaking to remove reversibly adherent organisms and three of them were overlaid with agar medium. The remaining three were incubated with CM containing 100 pg gentamicin ml-I for 60 min at 37 "C to kill extracellularly located organisms, followed by washing and the first overlay.
Reproducibility of results. The values shown in each Table or Figure were representative results of two to four independent experiments, except those in Table 1 , which were means of two experiments in triplicate.
RESULTS

Observations
At 90 to 120 min p.i., fluorescence was positive only with cell-surface-associated organisms under epifluorescence microscopy ( Fig. 1) . In the case of infected monolayers fixed in methanol, IF revealed some organisms with peritrichous flagella (Fig. 1 a) , which were not clearly visible without methanol fixation ( Fig. 1 b) . Some organisms on unfixed preparations were adherent aslant or perpendicular to host cells.
The micrographs in Fig. 2 show the same area of an infected monolayer after the double IF procedure, using two different filtering systems. Organisms located on the cell surface were visible under the TRITC filter system (Fig. 2a) , while intracellular bacteria additionally appeared after FITC filtering (Fig. 2 b) . Under FITC microscopy, the extracellular organisms showed more distinct flagella than the intracellular ones.
Efects ofjxation
As shown in Table 1 , a significant decrease in number of bacteria adhering to hepatocytes was observed after treatment with various fixatives; methanol fixation had the least effect. There was a linear relationship between the number of organisms in inocula and those adhering to a defined area of either unfixed or methanol-fixed monolayers (Fig. 3) .
Next, unfixed and methanol-fixed infected monolayers were incubated with antiserum and observed by IF with or without further fixation. Table 2 shows that the organisms remained adherent after fixation in methanol or in acetone. Organisms adherent to methanol-fixed hepatocytes were not removed by further treatment with methanol. 
Discrimination of adhesion and entry
The total number of cell-associated organisms increased almost linearly up to 3 h p.i. (Fig.  4a) , suggesting that there was effectively no initial lag phase at any stage of infection. Thereafter reliable counting was impossible because of marked intracellular multiplication of organisms. The increase in number of extracellular bacteria during the first 3 h p.i. was much slower than that of total bacteria, and the number of intracellular bacteria, which was estimated from the total and cell-surface-associated numbers of bacteria, increased consistently. The percentage of intracellular organisms (percentage entry) increased rapidly during the first 1 h, followed by a linear but slower increase (Fig. 46) . Entry of less than 30% at 90 min p.i. or later was considered to reflect failure in infection, and the data were discarded. Fig. 5(a) shows that the results of the plaque assays were similar to those revealed by IF methods. The kinetics of percentage entry (Fig. Sb) also revealed a pattern almost identical to that shown in Fig. 4(b) .
DISCUSSION
An in vitro cell culture system has many advantages for investigating the cytopathogenicity of micro-organisms. A relatively uniform population of host cells is available and can be infected under defined conditions. It is especially useful for obligate intracellular pathogens, which otherwise must be propagated in animal hosts. However, in studying an in vitro infection with intracellular micro-organisms, conventional light microscopy is not useful for accurate distinction of intracellular organisms from those associated with the cell surface. Also, transmission and scanning electron microscopy are not suitable for quantitative analysis.
The IF methods used in the present study were sufficient for accurate differentiation of the interaction between micro-organisms and host cells. The methods were based on inability of IgG to penetrate an intact cell membrane (Thomas et al., 1973) , while passing through the membrane after treatment with fixatives. The method has been used for studies on neutrophil phagocytosis of gonococci (Dilworth et al., 1975) and on infection with facultative intracellular bacteria (Kihlstroem, 1977; Hale & Bonventre, 1979) . Heesemann & Laufs (1985) reported a modification using a double IF staining procedure on a single preparation.
The two IF methods used in the present study were based upon the assumption that cellsurface-associated organisms were demonstrated only on unfixed preparations or by TRITC observation in the double IF technique, while the total of extracellular and intracellular organisms was shown on fixed preparations or by FITC observation in the double IF technique. Hale & Bonventre (1979) noted that shigellae adherent to the surface of cultured enterocytes were totally removed by methanol treatment. However, Tyzzer's organisms adhering to cultured hepatocytes were not affected by treating with methanol or acetone, confirming the validity of the method employed in the present work.
With the in vitro system using fixed host cells, it is possible to study exclusively the adhesion phase of infection. As evidenced by Hatch et al. (1981) , cell surfaces can be modified by fixatives, invalidating them as models for infections. In fact, the number of Tyzzer's organisms adherent to fixed hepatocytes was much smaller than that of organisms adherent to unfixed cells, suggesting change or degeneration, or masking of possible receptors for organisms by fixation. Nevertheless, methanol-fixed hepatocytes may provide a useful model for receptor studies and experiments using metabolic inhibitors which deteriorate unfixed cells. The fact that no organisms were adherent to aldehyde-or acetone-fixed cells suggests that the receptors, if any, were unstable in these solvents.
By the plaque assays, three categories of interaction between organisms and host cells were differentiated depending on degree of contact, that is, reversible and irreversible adhesions and intracellular localization. In the reversible adhesion, infective organisms remained in contact with host cells after removing culture medium and they could produce plaques. The irreversible adhesion was resistant to repeated shaking and washing of the monolayers. The intracellularly located Organisms escaped the bactericidal action of gentamicin.
The discrimination of intra-and extracellular organisms by the IF methods was reliable because a similar pattern of the initial phase of infection was obtained in the kinetic studies using the plaque assay. The absence of a lag phase in the kinetics of internalization of organisms implied that invasion of host cells started immediately after inoculation. The data also demonstrated that some delays in entry might occur although entry consistently followed adhesion during the 3 h period p.i. The rate of entry slowed after 1 h pi., suggesting that organisms were inactivated by prolonged incubation rather than there being some alteration of host cells, such as saturation in receptors or change in susceptibility to organisms, since the multiplicity of infection was very small in the present experiments.
In a preliminary experiment using homogenates of infected mouse liver as inocula, results were unsuccessful, because of a limited number of infective organisms and abundant cell debris which interfered with IF observation. Thus in the present study, the inocula for IF experiments were prepared from infected hepatocyte cultures; infection was successfully achieved with 1 in 10 or 1 in 20 dilutions of homogenates of infected hepatocyte monolayers.
